Extraction of mycelium or walls of Micropolyspora faeni with cold or hot aqueous phenol yielded a lipopolysaccharide consisting of lipid A, phosphate, galactose, arabinose, glucose, glucosamine, and a dideoxy sugar. Extraction with trichloroacetic acid (TCA) yielded an incomplete molecule lacking lipid A. Part of an 0-chain was secreted into the culture medium. Phenol and TCA extracts gave three lines of precipitation with human serum from cases of farmer's lung disease, and one of these was given by the culture medium polysaccharide. Serologically-reactive sugars were arabinose, galactose and glucose. The lipopolysaccharide fixed on to red cells which agglutinated in the presence of specific antibody and lysed on the addition of complement. The lipopolysaccharide appeared to elicit mainly IgM antibodies in animals, but IgM and IgG antibodies in humans.
INTRODUCTION
Farmer's lung disease (FLD) is a respiratory hypersensitivity occurring four to eight hours after inhalation of mouldy hay. It is invariably associated with dyspnoea, whilst fever, rigor and weight loss frequently occur (Pepys, 1969) . Sera from the majority of patients contain precipitins to the thermophilic actinomycete Micropolyspora faeni and less frequently to other thermophilic actinomycetes and fungi (Pepys & Jenkins, 1965 ; Wenzel, Gray, Roberts & Emanuel, 1974) ; indeed, sera from up to 20 % of farmers exposed to mouldy hay but without overt disease contain precipitins (Pepys & Jenkins, 1965) . It has been suggested (Pepys, 1969) that FLD may involve an Arthus type 111 reaction, mediated by precipitating antibodies.
Recently Hollingdale (1974) demonstrated that, of sera containing precipitins to M . faeni antigens, antibodies to polysaccharide extracts of M . faeni occurred only in clinically defined cases of FLD, whereas antibodies to protein antigens alone occurred in symptomless farmers. Such antibodies reactive with the polysaccharide extract were predominantly of the IgM class, though IgG and IgA were also reactive, and it was suggested that a cytotoxic mechanism may also be involved in FLD.
In view of these findings, it was decided to characterize the polysaccharide extract of M . faeni further. Particular reference was paid to the possibility of a lipopolysaccharide (LPS) occurring in the walls of M . faeni. It had been observed that the mycelium of this organism was Gram-negative; most Gram-negative bacteria examined so far have been found to have LPS as a component of their cell envelope (Costerton, Ingram & Cheng, 1974) . Furthermore, precipitating antibodies to the polysaccharide extract had not been detected in sera from cattle or sheep exposed to mouldy hay, or rabbits or sheep inoculated with M. faeni M . faen i @ope lysa c char ide 251 mycelium, although precipitating antibodies to protein antigens were always present (Hollingdale & Murray, 1974) . The antibody response in experimental animals to the polysaccharide extract was further investigated.
METHODS
Organisms andgrowth of cultures. The growth of M . faeni strain I 156, and the preparation of mycelium and culture supernatant (CS) antigens has been described previously (HollingWalls. Washed mycelium was disrupted at 17-5 kilocycles/s for 20 min in a M.S.E. Mullard ultrasonifier to give a mixture of mycelium walls and spores which were Gramnegative and Gram-positive respectively. The suspension was centrifuged at 2000 g for 20 min to deposit spores, and the supernatant centrifuged at 10000 g for 30 min. Suspensions of the 10 ooo g pellet were applied to linear sucrose density gradients of 20 to 60 % (w/v), and centrifuged at 5000 g for 30 min. A discrete opaque band formed at about 40 % sucrose and was shown in electron microscopy, stained with ammonium molybdate at pH 6.8, to be walls relatively free of extraneous material.
Trichloroacetic acid (TCA) extraction. Washed mycelium, walls and CS antigens were extracted in 5 % (wlw) TCA and purified with acetone precipitation (Hollingdale, 1974) . Phenol extraction. Washed mycelium, walls and CS antigens were treated with 45 % (w/w) aqueous phenol at 4 "C (Hollingdale, 1974) or 68 "C (Westphal & Jann, 1965) . The aqueous and phenol phases were dialysed against several changes of cold distilled water for 72 h.
Aqueous phases of washed mycelium and walls were ultracentrifuged at 10 ooo g for 2 h, and contamination with RNA was determined by observing the ratio of absorbancies at 260 and 280 nm. Absorbance at 260 nm was reduced, but not absent in the pellets, and samples of pellets containing least RNA were lyophilized for further study. Aqueous phases of CS antigens contained no RNA and were not ultracentrifuged. Protein extracts from dialysis of the phenol phases were solubilized by treatment with 0.02 mwphosphate buffered saline pH 7-2 (PBS) (Hollingdale, 1974) . Free wall lipids. Walls (40 mg) were suspended in 20 ml ether-ethanol (I : I, v/v), shaken at 22 "C for 2 h and centrifuged at 25000 g for 30 min. Solvent was removed from the lipid under a stream of nitrogen, the lipid suspended in distilled water to I mg/ml and dispersed by sonication for 2 min.
Colorimetric analysis for lipopolysaccharide. The colorimetric method, specific for LPS, of Janda & Work (1971) was used, according to the modification of Zey & Jackson (1973) . Extracts, at 10 pg/ml distilled water, were reacted with the carbocyanin dye reagent and the absorbance spectra measured between 400 and 600 nm. Dye reagent alone had an absorbance maximum of 510 nm, whereas in the presence of LPS the absorbance maximum shifted to a shorter wavelength between 468 and 478 nm. Escherichia coli 01 I I : B4 LPS (Difco) was used as a standard reaction.
Quantitative analysis. Total hexoses were determined by anthrone (Loewus, I 952) and total neutral sugars by phenol-H,SO, (Dubois et al. 1956 ). Heptose was determined by the cystein-H,SO, method (Dische, 1953) . The thiobarbituric method of Weissbach & Hurwitz (1959) for the assay of dideoxy sugars and 2-keto-3-deoxyoctonic acid (KDO) was used as modified by Aminoff (1961) . Protein was determined by the method of Lowry, Rosebrough, Farr & Randall (1951) . Nucleic acid was determined from the U.V. spectra of aqueous suspensions of samples assuming that 50 pg nucleic acid dissolved in I ml water has an E260 of 1-0 (Fensom & Gray, 1969 
in 2 N-H,SO, (20 mg/ml) at IOO "C for 3 h; for liberation of dideoxy sugars or KDO, mild hydrolysis in 0.2 N-H,SO, at IOO "C for 10 min (Ghalambor, Levine & Heath, 1966) . Saturated barium hydroxide was added to either pH 5-5 or 6.0, the mixture centrifuged at 10000 g, the supernatant lyophilized and resuspended to 0.25 ml in distilled water. Liberation of amino sugars was performed in 6 N-HCl at IOO "C for 12 h, and hydrolysates dried in vacuo and resuspended in 0.25 ml distilled water. Descending paper chromatography was conducted on Whatman No. I paper with ethyl acetate-pyridine-water (I 5 : 5 : 4, by vol) as the solvent; for the separation of glucose and heptose, 95 % acetone in water was used. For the detection of compounds on the chromatograms, the following sprays were used : thiobarbituric acid (Warren, 1960 )~ alkaline silver nitrate, and 0-2 % ninhydrin in acetone.
Physical methods. Infrared spectra were recorded in a Perkin-Elmer infrared spectrophotometer. Samples (I mg) were dispersed in anhydrous KBr (roo mg) and examined as pressed discs. The U.V. spectra of aqueous suspensions of walls or extracts as 0-01 % solution, and absorption spectra of carbocyanin dye reactions, were obtained with an Optica CF 4 scanning spectrophotometer.
Gel jiltration. Lyophilized aqueous phenol extract (20 mg in I ml distilled water) was applied to a column (38 x 1-7 cm) containing Sephadex G-roo, G-200 or Sepharose 4B (Pharmacia AB, Uppsala, Sweden) equilibrated in water. Elution was with water, and fractions (3 ml) were collected and the absorbance at 220, 260 and 280 nm measured, and the carbohydrate content estimated using the phenol-H,SO, assay. Each fraction was also tested by immunodiffusion with pooled human sera.
Antisera. For antigenic analysis, pooled strongly-reacting sera from patients with FLD were used, serum H2 of Hollingdale (1974) . Antiserum to mycelium was raised in rabbits by inoculation of one footpad with 10 mg mycelium suspended in paraffin oil-lanolin (3 : I, w/w) adjuvant (POLA). Rabbits were bled four weeks later, and the serum stored at -30 "C without preservative. Antiserum to the pellets from the aqueous phase of phenol extraction of mycelium was raised by two subcutaneous (s.c.) inoculations of 5 mg of material suspended in POLA, separated by an interval of 8 weeks. Four weeks after the second s .~.
inoculation, 5 mg of material in 4 ml PBS was injected intravenously (i.v.) in 6 doses on alternate days. The i.v. schedule was repeated after an interval of 7 days, and the rabbits were bled 7 days after the final injection. The serum was stored at -30 "C without preservative. Antiserum to mycelium raised in sheep, and sera from cattle and sheep exposed to mouldy hay from which M. faeni had been isolated and containing precipitating antibody to M . faeni, were those described by Hollingdale & Murray (1974) .
Immunodiflusion. Extracts were tested for reaction with the human and rabbit hyperimmune sera by immunodiffusion (Hollingdale, 1974) . Precipitation with concanavalin A was tested in similar plates; concanavalin A (Calbiochem) was tested at 10 and I mg/ml against extracts at 10, I and 0.1 mg/ml.
Latex agglutination. Latex coated with purified phenol extract was reacted with human, rabbit hyperimmune and other animal sera according to the method of Hollingdale (1974) .
Haemagglutination. Sheep red cells were washed twice in saline (0.85 %, w/v, NaCl), and 0.5 ml of packed cells were mixed with 10 mg aqueous phase of phenol extract of mycelium in 0.5 ml of 0.85 % saline. The mixture was held at 37 "C for 3 h, washed twice in 0.85 saline and resuspended to a 5 % suspension. H2 serum was inactivated for complement at 56 "C for 30 min and absorbed with sheep red cells at room temperature for 30 min. One drop of sensitized red cells was mixed with I drop of H2 serum on a microscope slide. Control tests were with sera with no precipitins to M. faeni antigens, and with unsensitized red cells.
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RESULTS
Isolation of eXtrdCtS Cold or hot phenol extraction of mycelium or walls, followed by ultracentrifugation of the aqueous phase, yielded a colourless gel representing 2 to 3 % (w/w) of the dried mycelium.
The composition of each extract appeared identical and most analyses were performed on the cold extract. The acetone-purified TCA extract represented about 2 % (w/w) of the dried mycelium, and contained no detectable nucleic acid. The crude phenol extract contained about 35 % (w/w) nucleic acid, but pellets from ultracentrifugation contained less than 5 %, together with about 8 % protein. The pellets contained about 50 % (w/w) total sugars by the phenol-H,SO, assay, and about 15 % neutral hexoses by the anthrone-H,SO, assay. Proteins isolated from the phenol phase were straw-coloured, partly soluble in PBS, and such preparations contained no detectable nucleic acid.
Colorimetric reaction
Pellets from the aqueous phase of phenol extracts of mycelium or walls gave a positive reaction in the carbocyanin assay for LPS. No reactivity was found in the phenol phase. The absorbance maximum of the carbocyanin dye shifted from 510 to 468 nm, the same value as given by Escherichia coli LPS. Supernatants from the ultracentrifugation showed little reactivity, indicating that most LPS in these extracts was pelleted. However, TCA extracts gave no shift in absorption to a shorter wavelength, and nor did the phenol or TCA extracts of CS antigens, or the proteins from the phenol phase. Indeed, with these extracts a shift in absorbance maximum to 570 nm was shown. The shift to the lower absorbance spectrum maximum is mediated by the lipid A moiety of the LPS molecule. Free lipids of the wall produced a spectral shift to 468 nm, whereas polysaccharides isolated from the delipidized residues were inactive, indicating that the lipid A of the LPS in the walls had been extracted.
A linear relationship existed between absorbance at 468 nm, and concentration of E. coZi LPS and that of M. faeni, over the range of I to 10 ,ug/ml. Micropolyspora faeni LPS gave absorbance values similar to those of E. coli, indicating a similarity in lipid A content.
Infrared spectra
The phenol and TCA extracts of mycelium and walls had several peaks in common. There is a large absorption at 3200 cm-l, attributable to OH, and broad absorption bands at I 150 to 1000 cm-l, attributable to glycosidic groups ; these are characteristic of carbohydrates. Absorption at 1560 to 1500 cm-l from N-H deformation and at 1650 cm-l from C-0 stretching indicated that N-acyl hexosamine groups were present in abundance in the phenol extracts, but much reduced in the TCA extracts. Only the phenol extracts gave an ester carbonyl band at 1730 cm-l and an ester C-0 band at 1200 cm-l, characteristic of fatty acid esters, and absorption at I350 to 1250 cm-l, characteristic of phosphate esters. This would indicate that the phenol and TCA extracts both contained carbohydrate moieties, with reduced amino sugar content in the TCA extract, and lipid and phosphate only in the phenol extract.
Sugar composition Sugars present in the mycelium and walls, and phenol and TCA extracts of these fractions are shown in Table I . Arabinose and galactose were major components of all fractions. Glucose was a minor component of mycelium and walls, of TCA extracts of these fractions, and was only in trace amounts in all phenol extracts. Two amino sugars, glucosamine and galactosamine, were present in all fractions though reduced in the TCA extracts. Heptose was distributed similarly. KDO was not detected in any fraction, but an absorption maximum in the thiobarbituric acid assay of 532 nm, which was alkali stable, indicated a dideoxy sugar in all fractions. On paper chromatography the thiobarbituric acid spray gave a fluorescent pink spot of Rglucose I -77, distinct from a-deoxyribose (Rglucose 2-00), indicative of a deoxyhexose. Phenol and TCA extracts of CS antigens only contained galactose and glucose in approximately equal proportions. Hydrolysates of mycelial and wall phenol and TCA extracts prepared under mild conditions for the thiobarbituric acid assay were also tested by paper chromatography, and gave only arabinose and galactose with slowly migrating partially hydrolysed material, indicating that these sugars are readily released by hydrolysis.
Gel .filtration
Crude and ultracentrifuged phenol extracts of mycelium were eluted through Sephadex G-roo, G-zoo and Sepharose 4B. In all gels, crude extract separated into two closely associated peaks; the first to be eluted in the void volume contained nucleic acid and lesser amounts of carbohydrate and small amounts of protein. This was followed by a second peak containing carbohydrate, little nucleic acid but containing a peak of carbocyanin-reacting material. Phenol extract purified by ultracentrifugation gave a much reduced nucleic acid reaction in the first peak, with most carbohydrate appearing in the second, carbocyaninreacting peak.
Antigenic analysis of extracts Crude phenol extracts of mycelium were tested by immunodiffusion with serum H2, pooled from proven cases of FLD. Three lines of precipitation were formed, a, b and c, with a closest to the antiserum well. Pellets from ultracentrifugation also gave the lines a, b and c, indicating that antigens a, b and c are intimately associated with the LPS molecule, and not with nucleic acid or other polysaccharides. This was supported by the results of immunodiffusion of the two peaks from gel filtration of the phenol extract. The first peak, predominantly nucleic acid, was non-reactive. Each fraction from the second peak, containing LPS, gave lines a, b and c, although no separation of antigens was achieved. Phenol and TCA extracts of purified walls also gave lines a, b and c, indicating their location within the wall. Free lipids, though reactive with the carbocyanin dye, were non-reactive in immunodiffusion with H2 serum, and did not absorb precipitating antibody of H2 serum. Moreover, phenol extracts of the delipidized walls gave lines a, b and c, and the TCA extract of mycelium lacking lipid A, also gave the same lines. Lipid, therefore, and particularly lipid A, does not appear to play a role in the antigenicity of M . faeni LPS.
Phenol and TCA extracts of the extracellular CS antigens contained only antigen a. Such extracts were also devoid of lipid A and appeared to be polysaccharides of a simpler configuration than those of mycelial or wall extracts. No precipitation between phenol or TCA extracts of mycelium or walls and concanavalin A was demonstrated, In addition to its precipitating reactivity, H2 serum agglutinated sheep red cells coated with phenol extract of mycelium. Unsensitized red cells did not agglutinate, and sensitized red cells did not agglutinate with human sera having no precipitins to M. faeni. Moreover, the addition of guinea-pig complement to the agglutinated red cells and H2 serum caused lysis to occur.
Animal sera Animal sera were compared with the H2 serum by immunodiffusion or latex agglutination with purified phenol extract of mycelium (Table 2 ). In immunodiffusion, H2 serum gave lines a, b and c, whereas sera from cattle or sheep exposed to M. faeni in mouldy hay did not react. Serum from a sheep injected with mycelium was also non-reactive. Serum from a rabbit injected once with mycelium gave a single weak line, reacting with identity to line a given by H2 serum. The initial sera from rabbits injected with phenol extract of mycelium were nonreactive, but after repeated intravenous injections of the phenol extract the final serum gave a single line, again corresponding to line a given by H2 serum. However, all these animal sera, like H2 serum, reacted with protein antigens isolated from the phenol phase of extractions of mycelium. These results show that precipitating antibodies to LPS are difficult t o elicit in the animals tested, but are more readily formed in humans. In contrast, precipitating antibodies to protein antigens are easily elicited.
In agglutination tests with latex coated with purified phenol extract, H2 serum gave a titre of 1024. All animal sera were reactive, although titres were lower than for H2 serum. It appears, therefore, that agglutinating antibodies to M. faeni LPS are more easily elicited than precipitating antibodies in these animals.
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The results of extraction of mycelium or walls of M. faeni with aqueous phenol show that material resembling the LPS of other Gram-negative bacteria is located in the wall of this organism. The reactions with carbocyanin dye of fractions from mycelium or walIs showed that reactive material was present in the aqueous phase but not the phenol phase. The carbocyanin reaction is specific for LPS and is mediated by the lipid A moiety (Janda & Work, 1971) , and indeed carbocyanin reactive lipid could be extracted from the walls. The presence of lipid A in phenol extracts was further supported by the presence of bands in infrared spectra derived from fatty acid and phosphate esters. Such esters are found in lipid A (Ikawa, Koepfli, Mudd & Niemann, 1953) .
The similarity suggested is reflected in the sugar composition of the phenol-extracted LPS. Sugars frequently found in the LPS of Gram-negative bacteria were demonstrated, namely galactose, heptose, glucosamine, galactosamine and dideoxy sugar, though only small amounts of glucose were present. In addition, arabinose, infrequently found in LPS, was found as a major constituent. The absence of KDO suggests that the lipid A moiety is not attached to the polysaccharide part of the molecule through a KDO trisaccharide as found in the Entei obacteriaceae. However, the presence of heptose and glucosamine suggests an inner polysaccharide core structure resembling that of the Enterobacteriaceae, although its linkage to lipid A is not clear from these experiments.
Polysaccharide material extracted from mycelium or wall of M. faeni with TCA evidently did not contain lipid A, as no reactivity was found with carbocyanin and the infrared spectra showed a lack of bands derived from fatty acid or phosphate esters. The amino sugar content was also reduced compared with phenol extracts, and such sugars, especially glucosamine (Westphal & Liideritz, 1g54) , phosphate and fatty acids, form the lipid A moiety (Ikawa et al. 1953) . However, the presence of some amino sugars, dideoxy sugar, and similar neutraI sugars as found in the phenol extract suggest that the TCA extract contains a similar polysaccharide moiety. The linkage between lipid A and the polysaccharide part of the LPS molecule may well be labile in TCA. The LPS is probably of the smooth form, containing 0-specific polysaccharide chains, which are serologically reactive, linked to the inner polysaccharide core, Purified LPS from ultracentrifugation, and the TCA extract, both gave three identical lines of precipitation with pooled serum from cases of FLD, suggesting a similarity in the 0-chains in both extracts. The antigenic sites of the phenol extract may be mediated through arabinose and galactose (Hollingdale, 1974) . Because antigenic reactivity is abolished by periodate oxidation of phenol or TCA extracts (Hollingdale, I974) , it is unlikely that the dideoxy sugar is terminally situated in the 0-chain as such sugars are resistant to periodate oxidation (Kabat & Mayer, 1961) . A combination of organic solvents separated one antigenic component, a, from the TCA extract (Hollingdale, 1974) . It has been noted in this laboratory that this antigen is partially inhibited in quantitative precipitin tests by P-glucose and ,&glucose disaccharides. Moreover, the absence of precipitation with concanavalin A, which precipitates with a-glucans (Goldstein, Hollerman & Smith, I 965), suggests that glucose may exist in the LPS molecule as a P-linked serologically-reactive terminal sugar. The lability in TCA of the linkage between lipid A and the polysaccharide moiety may allow easier fractionation of the 0-chains in such extracts than in phenol extracts. The phenol extract was not fractionated by solvent precipitation, and the 0-chains could not be separated by gel filtration.
The non-carbocyanin-reactive polysaccharide isolated from the culture supernatant is M. faeni lipopolysaccharide 257 serologically identical to the antigen a present in the phenol or TCA extracts, but contains only glucose and galactose. It may well be part of the 0-chain of the LPS molecule containing a activity, but lacking inner core polysaccharide and lipid A, and secreted into the culture medium, possibly during the synthesis of the wall.
Micropolyspora .faeni polysaccharides may attach to tissue cells and bring about a cytotoxic type I1 reaction in the presence of specific antibody (Wenzel, Emanuel & Gray, 1971 ; Hollingdale, 1974) . The agglutination of red cells mixed with M. fueni LPS by specific antiserum confirms the attraction between the LPS and tissue cells. Their subsequent lysis on the addition of complement supports the possibility of a cytotoxic mechanism. Moreover, Hollingdale (1974) showed that IgM was the major class of antibody reactive against phenol extracts, and such antibody readily fixes complement.
Some patients with clinically defined FLD do not have detectable antibodies (Pepys & Jenkins, I 965) , suggesting that a non-antibody-mediated immunopathological pathway may be involved. It has been recognized that LPS alone, unlike preformed antigen-antibody complexes, can preferentially consume the terminal components of complement (C-3 to C-9), by-passing the activation of C-I, C-4 and C-2 (Gewurz, Shin & Mergenhagen, 1968 ). It appears that such a pathway may involve the C-3-activator pathway, leading to fixation of complement and subsequent membrane damage in the absence of specific antibody. It is possible that such a mechanism might account, at least in part, for impaired lung function in some patients without detectable antibodies to M.faeni. The possible activity of M . fueni LPS in such a pathway is being investigated. Other biologic activities of the LPS molecule also need to be investigated. LPS will cause coagulation of platelets (Frank, May & Kane, I973) , and such coagulation has been suggested as the cause of the deveIopment of the fibrosing granulomata characteristic of FLD (Kochman, Martin, Bureau & Dubois de Montreynaud, 1972) . Of particular interest is the pyrogenic and rigor activity of LPS in man (Greisman & Hornick, 1973) , as both conditions are frequently associated with FLD.
Animals thus differ from humans in their antibody response to M. -faePzi LPS. Rabbits inoculated with mycelium or LPS were only weakly reactive in precipitin tests with LPS, whereas human sera from cases of FLD reacted strongly. This extends the observation of Hollingdale & Murray (1g74), and confirmed here, that sera from cattle and sheep exposed to mouldy hay containing M. jaeni did not react in precipitin tests with a phenol extract of mycelium. However, animal and human sera were all reactive in latex agglutination tests with the LPS. Hollingdale (1974) has shown that precipitating antibodies to M. faezi are of the IgG class, whereas latex-agglutinating antibodies are IgG, IgA and predominantly IgM. Evidently M. faeni LPS elicits specific IgM and perhaps IgA antibodies in animals, but IgG as well as IgA and IgM in humans. The reason for these differences is unknown.
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